We caught solitary foragers of the Australian Jack Jumper ant, Myrmecia croslandi, and released them in three compass directions at distances of 10 and 15 m from the nest at locations they have never been before. We recorded the head orientation and the movements of ants within a radius of 20 cm from the release point and, in some cases, tracked their subsequent paths with a differential GPS. We find that upon surfacing from their transport vials onto a release platform, most ants move into the home direction after looking around briefly. The ants use a systematic scanning procedure, consisting of saccadic head and body rotations that sweep gaze across the scene with an average angular velocity of 908 s 21 and intermittent changes in turning direction. By mapping the ants' gaze directions onto the local panorama, we find that neither the ants' gaze nor their decisions to change turning direction are clearly associated with salient or significant features in the scene. Instead, the ants look most frequently in the home direction and start walking fast when doing so. Displaced ants can thus identify home direction with little translation, but exclusively through rotational scanning. We discuss the navigational information content of the ants' habitat and how the insects' behaviour informs us about how they may acquire and retrieve that information.
Introduction
The fact that insects rely on visual memories when returning to places, such as their nests, is well documented (see below). It is less well known that Land & Collett [1] made one of the earliest suggestions about how insects could derive navigational instructions from a comparison of remembered and current views that would guide them back to a place. Provided an insect remembered the apparent size of an array of landmarks as seen from the goal location, it would find back to that location by moving away from landmarks that appeared larger than remembered and by moving towards landmarks that appeared smaller than remembered. Cartwright & Collett [2] later formalized and successfully simulated an extended version of this computational homing mechanism and, since then, many variants have been implemented in simulations and on robotic platforms (reviewed in [3, 4] ).
It has also become clear since then that panoramic snapshots can provide navigational information without the need for recognizing individual objects, because locations in the natural world are uniquely defined by the visual panorama seen at these locations [5, 6] . However, at least two important aspects of insect homing remain little or are just beginning to be understood: the rules that govern the active acquisition of visual spatial memories during the learning flights and the learning walks insects perform when leaving a place for the first time, and the detailed way in which the comparison between learnt views and current scenes provides instructions to guide an insect's return to a goal location (reviewed in [7] ; see also [8, 9] ). The problem with investigating the use of visual memories lies in the need to record in fine spatio-temporal detail an animal's movements, including where it directs its gaze (much like in the pioneering studies by Land and Collett [10, 11] on flight control in flies), and to have knowledge of and control over the navigational information available to the animal. Until recently, this has only been possible under controlled laboratory conditions (for review, see [12] ), but with the introduction of differential GPS, high-speed digital video, panoramic imagers and three-dimensional modelling tools, it has now become feasible under field conditions to precisely track the movements of navigating insects, in particular ants, and at the same time to quantify the visual information available to them [13] [14] [15] [16] .
Here, we investigate in the Australian Jack Jumper ant, Myrmecia croslandi, the way in which displaced foragers behave when they first encounter the scene at locations they are unlikely to have been before. How do they recognize where they are, whether they are lost or where they need to go?
Ants of M. croslandi forage individually for insect prey and for sugar secretions from plant-sucking insects, with no evidence of recruitment by trail pheromones or by interaction with other foragers. Foragers from one nest typically move 5-15 m to the closest tree or hunt for insects on the ground within a radius of 2-3 m from the nest [16, 17] . When displaced to locations they are unlikely to have been before, 10-15 m away from the nest, most foragers are able to home directly from all compass directions [16] . They do so regardless of the state of their navigational knowledge: ants that were caught at the bottom of their favourite tree possess information on home direction from both path integration and the landmark panorama (full-vector (FV) ants) that is in conflict when they are displaced to locations far away from their normal foraging corridor [16] . This conflict must exist, because M. croslandi foragers do path integrate and walk into the direction of their home vector when released 100 m away from their nest in a landmark-poor environment [16] . In homing directly from all compass directions within 10-15 m from the nest, displaced full-vector ants must ignore the home direction indicated by their path integration system. No such conflict exists for foragers that are caught just before they enter the nest (zero-vector (ZV) ants) when they have run out their path integration vector. Zero-vector ants are also able to home directly from all release stations within 10 -15 m from the nest.
We have shown previously that this ability can be explained (as suggested by Graham et al. [18] ) by assuming that the ants have memorized nest-oriented panoramic views from a few metres distance at different bearings from the nest [16] . The organization of learning walks in ants suggests that they are designed to systematically acquire such nest-directed views. During the learning walks of Ocymyrmex robustior [19] , of the wood ant Formica rufa [20] and of the Jack Jumper ant M. croslandi [21] , departing foragers do not move away from the nest or a newly discovered food site in a straight line, but along a spiral path or along increasing spiral segments. As they move away from the goal, they repeatedly turn back to view the scene across the nest or the food site from different directions, and it has been suggested that the ants store panoramic snapshots at these moments [18] [19] [20] . Such memorized views contain two pieces of navigational information [5 -7,22] : on nestdirected heading direction and on location in space. In its simplest use, the compass orientation of a reference snapshot can be identified by determining the global image difference (mean-squared or root-mean-squared pixel difference) while rotating that snapshot against the current scene. Even at some distance from the reference location, the resulting rotational image difference functions (rotIDFs) have a minimum at the compass direction of the reference image [5, 18, 22] . Memorized panoramic views also contain information on location, because image differences increase smoothly with distance from a reference location and within a certain range the reference location can be found by moving and comparing views, essentially by a gradient descent in image differences [3, 5, 23] . We have shown in our previous analysis that in the open grassy woodland habitat of M. croslandi, rotating such reference images against the scene viewed from locations up to 15 m from the nest results in detectable minima of rotIDFs at bearings that point in the home direction [16] .
When displaced ants surface from their transport vials onto a release platform, they look around briefly and within less than 30 s (average 12 s) traverse the 20 cm from the release point to the edge of the platform and exit in approximately the home direction [16] . Here, we ask whether the scanning movements of ants in these first crucial seconds, during which they so successfully determine where they need to go, allow us to identify how ants resolve a conflict between path integration and landmark information, what scene features they attend to and how they compare memorized views with the current scene. We pay particular attention to the relationship between gaze directions and the navigational information content of the scene at six different release stations. Do displaced ants correct a mismatch between remembered and current view by pre-programmed and targeted changes in orientation, as have been described for wood ants [12, 24] , do they preferentially fixate salient or familiar features in the landmark panorama or do they scan the scene in a way that suggests a more global comparison of views, independent of distinct features in the landmark panorama?
Material and methods (a) Study species
Jack jumper ants, M. croslandi, are large (ca 1 cm body length) and strictly day-active ants that occur along the east coast of Australia [25] . The ants are individually foraging, with no evidence of scout-or trail pheromone-guided recruitment, and are known for their ability to jump and for their potent sting [26] . They have unusually well-developed compound eyes with each eye having nearly 2400 facets [25] . We studied ants from a single nest (35815 0 05.59 00 S, 149809 0 33.18 00 E) in an urban park in Canberra, Australia.
Ants from this nest typically travelled west to a Eucalyptus tree on which they foraged (figure 1). Foraging ants were captured either at the base of the tree (full-vector ants) or as they returned close to the nest (zero-vector ants), in foam-stoppered Perspex tubes. Full-vector ants were first fed with 10% sugar solution (up to 30 min) at the site of capture and were subsequently given live insect prey. Zero-vector ants returning to the nest with prey were released without offering them sugar water. For displacements, the capture tube with an ant was placed in a black nylon sleeve and transferred in the dark to one of six release stations at 10 or 15 m north, south and east of the nest in a random order (figure 1). Overall, we caught and displaced 45 ants on 10 different days between January and April 2013. Full-vector ants were allowed to return to the nest, before we captured them again to release them as zero-vector ants at a different location. Zero-vector ants were in most cases caught after having left the platform at the first release station and transported in the rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130034 dark to be released a second and a third time at the other release locations. They were finally released close to the nest.
(b) Filming technique
Ants were released on a round wooden platform (40 cm diameter) that was raised 15 cm off the ground on aluminium pegs and levelled with a spirit level. The platform had a circular hole in the centre, into which a black nylon sleeve casing including a foamstoppered Perspex catching tube fitted tightly. Upon release, the foam stopper of the tube was replaced by a flat piece of cardboard with a central hole of 5 mm diameter, through which the ants could reach the platform. We filmed the ants on the platform, including information about true north and nest direction, using a Sony Handycam (HDR-CX550VE, Sony Corp, Japan; at 25 fps, image size 1920 Â 1280), a Panasonic Lumix (DMC-FZ200, Panasonic Corp, Osaka, Japan; at 100 fps, image size 1280 Â 720) or an Optronis (CR600 Â 2, Kehl, Germany; at 200 fps, image size 1024 Â 1024) mounted on tripods. We carried out a frame-by-frame analysis at either 40 ms (25 fps) or 5 ms inter-frame interval (200 fps) to determine head and body orientation. For this, we extracted coordinates of head (mandibles), pronotum (first segment of the thorax) and petiole (figure 1 inset) using a custom-written MATLAB program (Jan Hemmi & Robert Parker, The Australian National University). Velocity and angular velocity data were smoothed with a five point moving average filter. We estimated the accuracy of determining gaze (head) direction to be within 108.
(c) Tracking the paths of ants
In a few cases, we tracked the paths of ants after they had left the release platform by placing pins about 20 cm behind each ant, making sure not to disturb their progress. The pin trail was subsequently recorded with differential GPS (for details, see [15, 16] ).
(d) Capturing panoramic scenes
We recorded panoramic scenes using two methods. In the first, we placed a Sony Bloggie camera (MHS-PM5, Sony Corp., Japan) on the release platform (15 cm off the ground) to record panoramic views at the six release stations and at the nest location. Second, we used a laser scanner/colour camera combination (Z þ F IMAGER 5006h, including a colour camera, M-Cam, Zoller þ Frö hlich GmbH, Wangen, Germany) to build a three-dimensional model of the ants' environment and to subsequently generate panoramic views at defined locations within such models (for details, see [27, 28] ). The GPS coordinates of four landscape features that were easily identifiable in the laser scans were used for aligning the three-dimensional model with the GPS reference system that we used to track ant paths and to locate nest and release sites.
(e) Calculating rotational image difference functions
Concentric panoramic images were un-warped to rectangular panoramas, measuring 2161 Â 338 or 1440 Â 172 pixels, corresponding to a field of view of 3608 Â 568, or 3608 Â 438, respectively, with a resolution of six or four pixels per degree, using a custom-written MATLAB program. Sun glare and reflection artefacts in the sky were removed by using the colour replacement tool in COREL PHOTO PAINT X5 (Corel Corporation, Ottawa, Canada) to copy adjacent sky patches into the corrupted areas. Eight-bit grey scale images were converted to floating point arrays, low-pass filtered with a 18 Â 18 pixel Gaussian filter with s ¼ 6 pixels (mimicking 18 resolution), or a 36 Â 36 pixel Gaussian with s ¼ 12 pixels (mimicking 38 resolution) before rotIDFs were determined using the MATLAB circshift function. For each one pixel shift, the pixel differences were calculated between the reference image and the shifted image, resulting in either 2161 Â 338 or 1440 Â 172 values that were squared and averaged. For each image shift, we then calculated the root-mean-squared pixel difference.
Results
In the following, we document first the unusual mobility of the head in M. croslandi and then go on to ask where animals look when released at unfamiliar locations, whether they behave differently depending on their state as full-vector or zero-vector ants and how their scanning behaviour changes before and after their decision to move. We end by comparing the heading directions of ants on the release platforms immediately upon release and their subsequent paths.
(a) Detailed structure of scanning behaviour Ants exit their transport vials through a small hole and initially tend to turn on the spot (figure 1 inset). They keep turning in one direction, sometimes through more than 3608, but most often reverse their turning direction earlier.
Underlying the fairly constant turning rate with the head turned into the direction of rotation (figure 2a,b) are saccadic head and body movements that interact in complex ways. The time course of head and body angular velocities, illustrated in figure 2c, includes head saccades that occur when the body is at rest, head movements that compensate for the rotation of the body (open arrows), thus keeping gaze direction constant and head saccades at rest that are closely followed by body rotations (black arrows). Head saccades in this example (figure 2c, green line) reach peak angular velocities between 200 and 5008 s 21 and body saccades (red line) up to 2008 s
21
. Overall, head movements tend to compensate for body rotations. Example scatter diagrams of the angular velocity of the head relative to the body over the angular velocity of the body (figure 2d) show a negative correlation, with its smallest correlation coefficient at zero lag (figure 2d, centre panels). Most frequently, head movements either compensate for body rotations (diagonal maximum in scatter plot histograms; right panels figure 2d) or are made while body orientation is constant (vertical maximum at zero body angular velocity in scatter plot histograms; right panels figure 2d).
Both full-vector and zero-vector ants spend about 30-40% of their time on the platform fixating the panorama (at angular velocities smaller than 508 s 21 ): at 10 m release stations, zero-vector ants for on average 4.3 + 4.5 s (mean + s.d.; n ¼ 53) and full-vector ants for on average 3.2 + 1.9 s (n ¼ 10). Equivalent times for 15 m release locations are for zero-vector ants 3.2 + 2.7 s (n ¼ 36) and for full-vector ants 2.5 + 3.3 s (n ¼ 8). There is no significant difference between full-vector and zero-vector ants in this respect (10 m: FV versus ZV:
It is possible that saccadic changes in gaze direction are directed to either familiar or to unfamiliar features in the scene, which would, for instance, allow ants to detect the extent of mismatch between what they remember and what they currently see. We would then expect to see a correlation between structure in the scene and the gaze directions of ants (see below). Alternatively, ants may systematically scan across the scene to detect more global information on heading direction, provided by a global image comparison [5, 22] . Indeed, the observation that the ants keep turning with relatively constant velocity in one direction before reversing the direction of the scan (see examples in figure 3a,b) appears to indicate that saccades may not be driven by panorama features, but instead reflect the operation of a systematic scanning procedure.
(b) The decision to move
Both full-vector ants (figure 3a, left column, red paths) and zero-vector ants (figure 3b, left column, black paths) scan the panorama on the release platform with an angular speed of about 908 s 21 and at some stage they decide to move. In many cases, such as the ones shown in figure 3 , we record a sudden and marked increase in walking speed (right column panels, figure 3a,b) that brings the ants to the edge of the platform. There is no significant difference in the time full-vector and zero-vector ants spend scanning the panorama at walking speeds less than 5 cm s 21 before deciding to move (figure 3c; 10 m:
The platform paths relative to the true home direction of zero-vector (black) and full-vector ants (red) at the different release stations are shown in figure 4a. We asked to what degree the increase in walking speed depended on where the ants looked. The histograms in figure 4b show the gaze directions of ants relative to the true home direction at 08 depending on their walking speed, black for walking speeds slower than 5 cm s 21 and blue for walking speeds faster than rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130034 move fast (blue histograms), whereas their gaze directions are much more widely distributed across the panorama when they move slowly or turn on the spot (black curves). Within 20 cm of their release point, the ants thus identify the home direction through rotational movements only. They do not need to translate significant distances in order to access this navigational information.
The next three columns of panels in figure 4b show walking-speed sorted gaze direction histograms for full-vector ants at the release stations to the north (second column), the east (third column) and to the south of the nest (fourth column). The histograms are again centred on the true home direction at zero, and the different directions of the path integration vector are marked by red arrows. The numbers of full-vector animals are admittedly small, but their gaze directions are interesting: at both the 10 m and 15 m release stations to the north of the nest, the ants tend to look into the direction indicated by their path integrator (approx. þ908), but the final gaze direction of ants when they start moving indicates that some follow the instructions of the path integrator and some ignore them and move towards the true nest direction (see also the paths in figure 4a ). At the release stations to the east of the nest (third column, figure 4b), the situation is slightly different, because information from the landmark panorama and from the path integrator is in conflict by 1808. Ants in this situation look and move into three different directions: into the home vector direction at 1808 relative to the true nest direction, into the nest direction at 08 and into a direction half-way between (+908). To the south of the nest (fourth column, figure 4b), the full-vector ant released at 10 m ignores the information from the path integrator and looks and moves into the nest direction. The two full-vector ants released at 15 m do look into the nest direction, but eventually decide to follow the instruction of their path integrator (see red paths in figure 4a ). rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130034 distances up to 15 m from the nest in three different compass directions. They must extract this information from the landmark panorama, and we ask next: what is the navigational information content of their particular habitat that allows these ants to determine homing direction from these distances? We investigate here two possibilities: one is that the ants look at unfamiliar salient features or recognize familiar landmarks such as their normal foraging tree in the panorama and move away from or towards such features; the second possibility is that the ants determine heading direction by comparing remembered nest-directed panoramic snapshots and the scene they experience when being released at our recording locations.
We explore these two possibilities by asking whether there is a detectable relationship between gaze directions and salient or significant features of the landmark panorama, or between such features and the gaze directions at which the ants decide to reverse their scanning direction. ants do not agree where to direct their frontal visual field in detail, but they all tend to concentrate on the nest-directed part of the panorama. This is also evident from the compound histograms of all the zero-vector ants that we released at the three sites just below the panoramic images. At this level of analysis, we thus do not find clear evidence that gaze is directed at landscape features. We find a similar pattern of results when considering the directions in which ants fixate the scene at the end points of saccadic gaze changes. In figure 6 , we plot for the 15 m release stations the frequency distributions of gaze directions for those instances where the angular velocity of gaze was less than 508 s 21 . The histograms are aligned with the camera-based and the reconstructed panorama that emphasizes the skyline at the release locations. Blue-barred histograms are for zero-vector ants and red-barred histograms for full-vector ants. Again, there is little evidence that the ants' gaze comes to rest at distinct features of the panorama. Some, but not all full-vector ants, however, do align their gaze with the home-vector direction (see red-barred histograms in figure 6 ).
As the examples of time courses of gaze directions in figure 3 demonstrate, the ants change the direction of scanning from time to time. It may, therefore, be reasonable to ask whether it is these reversals of scanning direction that are related to particular features in the panoramic scene. We attempt to answer this question by mapping the gaze directions of ants at the moment they reverse scanning direction onto the six different panoramas they experienced at our six release sites 10 and 15 m from the nest (figure 7) and to the rotIDFs at these sites. We determined rotIDFs by comparing the nest-directed panoramas at the different release sites with the panorama at the nest centred on south for the northern release sites, on west for the eastern release sites and on north for the southern release sites (figure 7a). We used both camera-based panoramic images and panoramic views reconstructed in our three-dimensional model of the area to account for the influence of the non-uniform brightness distribution in the sky and of varying cloud cover. Reconstructed views also highlight the dominant features in the landmark panorama that has been shown to be used by ants to determine heading direction [29, 30] . Figure 7b shows rotIDFs (yellow and red lines) overlaid on the recorded and reconstructed panoramic scenes together with the histograms of gaze directions at the moment ants reverse scanning direction (labelled by red dots in figure 7c ). The rotIDFs show rather shallow minima, partly because we used as reference the scene directly above the nest and not off-set at some distance from the nest as happens during learning walks [16, 19, 20] . Again, we do not find a clear pattern of correspondence between gaze directions in these instances and the salient features of the panorama. To facilitate comparison, we show horizontal transects (blue lines, figure 7b) through the reconstructed views (indicated by a blue dotted line across the images above) together with the histograms of gaze direction (red lines, figure 7b) at the moment scanning direction changes. Note in particular that the histograms of gaze directions at the 10 m and the 15 m sites, north, east and south, do not have peaks corresponding to similar panorama features and that there is no obvious correspondence between the shape of histograms and objects or gaps in the skyline. Histogram maxima in most cases, however, coincide with the home direction and with minima in the rotIDFs.
What then determines the change in rotation direction? Inspecting figure 7b,c, there are some indications that reversals of scanning direction tend to happen whenever gaze encounters increasing image differences. Speaking against this interpretation is the finding that scanning direction reversals happen most frequently when ants look into the home direction that coincides roughly with the minimum of rotIDFs in most cases. The maxima of gaze histograms may, however, be due to small and frequent changes in scanning direction close to the rotIDF minimum (e.g. top panel on the right in figure 7c ) that may reflect the animals' search for the most accurate bearing.
(d) The relationship between paths on the release platform and the subsequent path
The scatter of ant bearings as they leave the release platforms is quite large, as can be seen in figure 4a . However, most of the ants, including full-vector ants that initially exit in a direction indicated by their path integrator, eventually do correct their heading direction and make their way home. To document this observation, we filmed a number of ants on the release platform 15 m east of the nest and subsequently recorded their path with differential GPS (figure 8). We find that fullvector ants that initially followed their home vector direction (green and red paths, left-most panel, row 1, figure 8 ), turn around after a few metres and, without search, are able to home directly from a distance that is even further away from the nest than the initial release site. The paths of six zerovector ants shown in rows 2 and 3 ( figure 8 ) also demonstrate that platform exit directions can be misleading in relation to the homing success of ants and that initially well-directed ants can be completely lost after exiting the platform (blue path in row 2). The initial directions chosen by displaced ants thus do not always correspond with the direction of the ants' subsequent path or even their homing success, indicating that the ants constantly monitor the available navigational information and correct their heading direction accordingly.
Discussion
We have shown that foragers of M. croslandi when displaced to locations that they are very unlikely to have been before, are able to detect their home direction after briefly scanning the landmark panorama. They do not need to translate (move in space) significantly to access that information. Their scanning movements are executed by saccadic head and body rotations that at some stage result in a distinct decision to move rapidly into a certain direction. At this level of analysis, we find no indication that the ants' scanning movements are influenced by salient or significant features of the visual panorama. We therefore suggest that rotational scanning allows ants to perform a global comparison between remembered, nest-directed snapshots and the panorama as seen from the different release sites with the aim of detecting a familiar heading direction, such as a minimum in image differences. A wealth of experimental evidence suggests that insects learn panoramic snapshots along routes and close to the nest and are able to use the mismatch between what they currently see and these stored views to identify familiar heading directions along routes or to pinpoint the nest on their final approach ( [1, 2, 14, 16] ; reviewed in [5, 7, 18, 31] ). The navigational information content of such panoramic views is twofold: first, image differences develop smoothly with distance from a reference location (translational image difference functions [5] ), and second, they can serve as a visual compass and define heading directions (rotIDFs, see [5, 18] ). The simplest way in which ants can access this information when confronted with a new scene is by moving and comparing [5, 18] . rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130034 differences, for instance, the direction in which image differences become smaller can only be determined by generating motion parallax through moving. However, it is important to note that there are alternative ways of accessing this information: animals may be able to replace test steps by predicting how views change through movement [23] , or by identifying panorama features that appear lower or higher than expected in vertical extent, they could minimize image differences by moving towards lower and away from higher features [31] , without the need for moving and comparing. In both cases, it is likely to help to first find the best alignment of views through rotational scanning. Yet, given the large visual field of ant compound eyes, it is not entirely obvious why displaced ants have to use rotational scanning movements, especially because their compound eyes do not have a particularly well-developed acute zone such as a frontal area of increased resolution and sensitivity (for eye maps of M. croslandi, see [25] ) that would need to be directed at features of interest [32] . So why do ants have to look around when released at unfamiliar locations? We suggest that these rotational scanning movements are a reflection of the way they store and recall navigational information: first, the fact that ants have to perform rotational scans before deciding on a heading direction is a strong indication that they cannot mentally rotate their remembered snapshots [2] . This leads us to the interesting question of whether it is indeed quite difficult to implement mental rotation in neural networks that store information in physically altered synaptic complexes [33] . The second reason why ants need to look around is that they may not have fully panoramic reference images. Although laterally placed compound eyes do tend to have nearly panoramic visual fields, there is always an area behind the insect, occupied by the body, that will not be covered. The only way of comparing not fully panoramic views is to shift the current scene across the remembered image. A last but not exclusive reason why ants have to scan the panorama is their possible need to generate image motion. This may be necessary and advantageous for two reasons: first, to break local adaptation and to generate an 'image' in the first place, and second, to effect image comparisons at the level of a very sparse code (image motion signal distributions) that will highlight the parts of the panorama with the highest contrast, such as the landmark skyline, and reduce the contribution of potentially corrupting visual information from cloud-texture in the sky.
The results of our comparatively coarse analysis of gaze directions in M. croslandi ants cannot be easily reconciled with the findings by Lent et al. [24] that wood ants perform very targeted and pre-calculated saccadic body rotations to minimize the angular difference between the retinal position of a salient edge that defines the location of a target feeder and the position of that edge in the memorized view. First, our ants tend to make many saccades into the same direction before reversing scanning direction (figures 3 and 7c), and thus do not appear to align individual features in the panorama with a memorized view. Second, we did not find common patterns of gaze directions for individual ants at different sites, nor of different ants at the same sites (figures 5 and 6), although all ants share very similar reference views that they must have learnt close to the nest. However, there is a need to extend our analysis to the level of detail achieved by Lent et al. [24] , in particular with regard to saccade sizes and saccade targets in the panorama. The main problem here is that gaze direction changes in our ants involve quite significant head movements (up to 308; figure 2b) that are difficult to accurately resolve even within the relatively small recording area of 40 Â 40 cm that we used here. It will also be important to find ways of analysing gaze directions along the homing paths of ants beyond their initial heading after release to identify the information that makes them decide to correct their heading direction (figure 8).
At this stage, however, displaced M. croslandi foragers, when surfacing from their transport vials, give the distinct impression that they are not trying to identify and align individual features in the current scene with memorized ones, but that they are seeking information on heading direction in the shape of the compass bearing in which the scene looks most familiar (sensu Baddeley et al. [22] ).
